Park SH, Kwon M, Solis D, Lodha N, Christou EA. Motor control differs for increasing and releasing force. trol of the motor output depends on our ability to precisely increase and release force. However, the influence of aging on force increase and release remains unknown. The purpose of this study, therefore, was to determine whether force control differs while increasing and releasing force in young and older adults. Sixteen young adults (22.5 Ϯ 4 yr, 8 females) and 16 older adults (75.7 Ϯ 6.4 yr, 8 females) increased and released force at a constant rate (10% maximum voluntary contraction force/s) during an ankle dorsiflexion isometric task. We recorded the force output and multiple motor unit activity from the tibialis anterior (TA) muscle and quantified the following outcomes: 1) variability of force using the SD of force; 2) mean discharge rate and variability of discharge rate of multiple motor units; and 3) power spectrum of the multiple motor units from 0 -4, 4 -10, 10 -35, and 35-60 Hz. Participants exhibited greater force variability while releasing force, independent of age (P Ͻ 0.001). Increased force variability during force release was associated with decreased modulation of multiple motor units from 35 to 60 Hz (R 2 ϭ 0.38). Modulation of multiple motor units from 35 to 60 Hz was further correlated to the change in mean discharge rate of multiple motor units (r ϭ 0.66) and modulation from 0 to 4 Hz (r ϭ Ϫ0.64). In conclusion, these findings suggest that force control is altered while releasing due to an altered modulation of the motor units. force variability; motor unit activity; decomposition electromyogram
FORCE CONTROL IS ESSENTIAL in many activities of daily living. Humans interact with the environment by increasing force, maintaining force, and releasing force. It is well accepted that aging impairs force control (Christou and Carlton 2002; Laidlaw et al. 2000; Tracy et al. 2005; Vaillancourt and Newell 2003) . Nonetheless, the evidence is based primarily on the inability of older adults to maintain a constant force contraction (Christou 2011) . Little is known whether aging influences our ability to increase or release force in a controlled manner. In this paper, we compare the ability of young and older adults to increase and release force.
Aging impairs force control and the production of steady movements in older adults (Christou 2011; Enoka et al. 2003) . This is especially true when older adults perform tasks that involve low levels of force (Christou and Carlton 2002) . There is evidence that this age-related difference in force control is related to altered motor unit activation (Christou 2011; Enoka et al. 2003; Shinohara 2011) . For example, greater motor unit discharge rate variability contributes to increased force output variability in older adults Roos et al. 1997; Tracy et al. 2005) . Furthermore, there is evidence that the modulation of multiple motor units also differs for young and older adults . There is evidence that force control is strongly related to the modulation of multiple motor units (Farina et al. 2002; Moon et al. 2014; Onushko et al. 2013; Shinohara 2011) . In this study, therefore, we examine the activation of multiple motor units when participants increase and release force.
Age-related differences in force control may be associated with visuomotor processing limitations. A common way to manipulate visual information and compare the motor control in young and older adults is by changing the gain of visual feedback. High-gain visual feedback refers to the zooming into the force trace (provides more information about the force output), whereas low-gain visual feedback refers to zooming out from the force trace (provides less information about the force output). Numerous studies suggest that older adults exhibit greater force variability than young adults during highgain visual feedback Kennedy and Christou 2011) . Nonetheless, this age-related difference in force control is ameliorated with low-gain visual feedback Kennedy and Christou 2011) or no visual feedback (Barry et al. 2007; Tracy 2009 ). Thus, age-related differences in force control could be a result of altered motor unit activity or deficient visuomotor processing. To minimize the influence of age-related changes in visual information processing, we perform this comparison with low-gain visual feedback (zooming out from the force trace).
There is evidence that, independent of age, humans exhibit altered force control when they release force compared with when they increase force. For instance, participants exhibited altered force control during a power grip task while releasing force than increasing force (Naik et al. 2011) . This finding seemed to be independent of the participant's age or rate of force generation. Another study involving isometric contractions of the first dorsal interosseous muscle demonstrated that older adults exhibited more difficulty during the release force phase of the task (Spiegel et al. 1996) . In both studies, the rate of force increase and release was not controlled. This is critical because force variability increases with speed (Christou and Carlton 2002) . In this study we compare force control during increasing and releasing force at the same rate of force development.
Based on the above literature, little is known about the effects of aging on increasing and releasing force. Most aging studies examined force control during constant force contractions and the underlying activation of single motor units . Therefore, the purpose of this study was to compare the ability of young and older adults to control force while increasing or releasing force and the underlying activation of multiple motor units. We hypothesized that force control would be altered during force release compared with force increase independent of age. We expected no age differences because of minimizing the effects of visual feedback, which has been shown to be a significant factor in predicting age differences in force control even during constant force contractions. In contrast to previous studies, here we control important methodological aspects such as the gain of visual feedback and rate of force increase and release.
MATERIALS AND METHODS

Participants
Sixteen young adults (22.5 Ϯ 4 yr, 8 females) and 16 older adults (75.7 Ϯ 6.4 yr, 8 females) volunteered to participate in this study. All participants were healthy, moderately active, right-footed (Elias et al. 1998) , and had normal or corrected vision. The Institutional Review Board at the University of Florida approved the procedures of this project, and written informed consent was given by the subjects before the experiment.
Experimental Protocol
We examined the ability of individuals to increase and release force with the left ankle (dorsiflexion), which was determined to be the nondominant limb for each participant. We typically select the nondominant limb because the task would be more novel to both young and older adults compared with the dominant limbs (Chen et al. 2012; Moon et al. 2014; Onushko et al. 2013) . Each experimental session lasted ϳ1 h. Before the experimental session, participants were familiarized to the task and performed five practice trials. After the familiarization period, each participant performed the following: 1) maximum voluntary contraction force (MVC) with dorsiflexion of the left ankle; 2) increasing and releasing force at 10% MVC/s with low-gain visual feedback (0.05°) during an ankle dorsiflexion isometric task; and 3) repetition of the MVC task.
Experimental Arrangement
Experimental setup and apparatus. The participants were seated comfortably in an upright position and faced a 32-inch monitor (Sync Master 275tϩ; Samsung Electronics America) located 1.25 meter away at eye level. The monitor was used to display lines representing the target force and the force produced by the ankle dorsiflexion using a custom-written program in Matlab (Math Works, Natick, MA). All participants affirmed that they could see the display clearly. The left hip joint of the participant was flexed to ϳ90°with 10°abduction; the knee was flexed to ϳ90°; and the ankle was at neutral. The left foot rested on a custom foot device with an adjustable footplate and was secured by straps over the metatarsals to ensure a secure position and simultaneous movement between the device and the foot (Fig. 1A) . The force transducer [capacity 100 lb (Ϸ445 N), Miniature Beam Load Cell; Interface] was installed on the front of the foot device. This arrangement allowed only dorsiflexion of the ankle, which was produced primarily by the contraction of the tibialis anterior (TA) muscle.
Control of visual feedback. The visual gain was quantified as the visual angle and for the task was 0.05°. The visual angle is given by the following equation
where ␣ is the visual gain (degrees), H is half the height of the task provided on the monitor (0.03125 meter), and D is the distance from the eye to the monitor (1.25 meter). We used this visual feedback to eliminate the effects of visuomotor corrections on force control Moon et al. 2014; Tracy 2007) .
Force measurement. The dorsiflexion force of the left ankle joint was recorded with the one-dimensional force transducer. The force signal was low-pass filtered at 20 Hz and sampled at 1 kHz with a Power 1401 A/D board (Cambridge Electronic Design, Cambridge, UK) and a NI-DAQ card (model USB6251; National Instruments, Austin, TX). The data were stored on a computer.
Motor unit recording. To determine the modulation of the motor neuron pool, we used the Delsys decomposition system that could identify and record the action potentials from multiple motor units using a specialized surface EMG electrode (dEMG; Delsys, Boston, MA). The dEMG is made up of five pins (0.5 mm diameter) and records four surface EMG signals. The EMG signals were sampled at 20 KHz with a Power 1401 A/D board, amplified (ϫ1,000), and band pass filtered at 20 -450 Hz (Grass model 15LT system; Grass Technologies, West Warwick, RI) before being stored on a computer. The EMG signals were then decomposed into single motor unit action potentials using the Delsys decomposition algorithm, which has been shown to be reliable during isometric contractions (Nawab et al. 2010) .
MVC task. The MVC task for ankle dorsiflexion was performed using the same custom foot device (Fig. 1A) . The footplate was locked with the ankle in a neutral position (0°of dorsiflexion) to prevent rotation of the footplate or dorsiflexion of the ankle. During the task, participants were asked to increase their ankle force from baseline to the maximum and then to maintain the maximal force for ϳ3 s. The Fig. 1 . Schematic of experimental setup and isometric force task. A: positioning of the left lower limb. The left foot was secured and isolated on an ankle device. The force sensor was installed on the front of the foot device. B: representation of isometric force task from one young adult and one older adult. The black line represents force production during one trial from an older adult; the gray line represents one trial from a young adult; the black broken line represents the template presented to each participant during the task. C: segments of the force signal during force increase and release were detrended for each trial. Force variability was measured from the detrended force signal during the phase intervals of 4.5-5.5 and 25.5-26.5 s. force produced was displayed as an increasing bar on the monitor to provide visual feedback. Three to five MVC trials were completed until three trials within 5% were obtained. One-minute rests were provided between consecutive trials. MVC tasks also were repeated at the end of the experimental session to assess whether the experimental task induced muscle fatigue.
Isometric force task. The goal of the task was to trace a target with the force output from the participant's ankle dorsiflexion. The visual feedback (0.05°) displayed on the monitor included the participant's force relative to the target (Fig. 1B ). The isometric force task contained the following five phases: 1) 4 s of a no-contraction region; 2) 1.5 s of an ascending force region at 10% MVC/s, corresponding to force increase; 3) 20 s of a constant-force region at 15% MVC; 4) 1.5 s of a descending force region at 10% MVC/s, corresponding to force release; and 5) 4 s of a no-contraction region. The no-contraction region was used to quantify the level of baseline noise, whereas the ascending and descending regions were used to identify the recruitment (force increase) and derecruitment (force release) of motor units (Fig. 2) .
Data Analysis
Force data were acquired with custom-written data collection programs in Matlab. EMG data were acquired and decomposed into motor units with EMGworks Software version 4.1.7 (Delsys). Before data analysis, the force output was filtered with a fourth-order (bidirectional) Butterworth filter using a 20-Hz low-pass cutoff. Force and motor unit data were analyzed over the middle 1 s of the force increase and middle 1 s of the force release segment (Fig. 1B) . Trials were included in the data analysis only when the rates of force increase and release were within Ϯ 1% MVC/s (9% MVC/s Ϫ 11% MVC/s).
MVC. MVC was defined as the highest force produced during ankle dorsiflexion. The target force for each participant was normalized to 15% of his or her respective MVC value, and rate of force increase and release was 10% MVC/s. Force variability. Force variability was quantified using the SD of the detrended force signal (Fig. 1C ). Detrending the force signal removed the linear trend from the force data and eliminated drifting of force, which could influence the quantification of force variability.
EMG signal decomposition. The dEMG electrode recorded four surface EMG signals that were decomposed into action potentials of single motor units using the dEMG decomposition algorithm (Nawab et al. 2010) . The outcome of this algorithm provided motor unit trains that included: 1) the number of motor units; 2) the action potential shapes of each identified motor unit; and 3) the firing instances (spikes) of action potentials of each identified motor unit. This outcome was validated (95% accuracy) using the Decompose-Synthesize-Decompose-Compare test (Nawab et al. 2010) . Detailed information of the algorithm is described elsewhere (Nawab et al. 2010) .
Motor unit selection. We selected five motor units to normalize the number of motor units that would be compared across individuals and conditions. The number of spikes, which relates to the number of motor units recorded, influences the quantification of various parameters of interest (e.g., interspike variability). Therefore, from each trial the following five recorded motor units were selected: 1) the first recruited motor unit (MU1), which represents the smallest motor unit in the pool; 2) the last recruited motor unit (MU5), which represents the largest motor unit in the pool; 3) the motor unit recruited in the middle of the pool (MU3, middle between MU1 and MU5), which represents the average motor unit recruited during the task; 4) the motor unit in the middle between MU1 and MU3 (MU2), which represents the lower-threshold motor units; and 5) the motor unit in the middle between MU3 and MU5 (MU4), which represents the higher-threshold motor units. The selection of these five motor units was essential because the number of motor units recorded varies randomly with trial and condition. Thus, selecting five motor units is an essential methodological adjustment to compare the motor neuron pool activity across trials, conditions, and populations.
Quantification of motor unit activity. The activity of multiple motor units (motor neuron pool) was quantified from the sum of spikes from the selected five motor units (Fig. 2) . The activity of multiple motor units was analyzed in the time and frequency domains. The mean discharge rate was quantified as the average of the interspike interval, which reflects the time between two consecutive spikes. Discharge rate variability was quantified as the coefficient of variation of the interspike interval (SD of interspike intervals/mean discharge rate ϫ 100). To calculate normalized power, before frequency domain analyses, the interspike interval was transformed into a continuous signal by interpolating the interspike interval. A finite Fourier transform was applied to quantify the power spectrum of the multiple motor units (Mottram et al. 2005) . The power spectrum of the discharge rate was divided into the following four frequency bands: 0 -4, 4 -10, 10 -35, and 35-60 Hz. Specifically, modulation of motor units between 0 and 4 Hz has been associated with common drive (De Luca and Erim 2002) , and modulation between 4 and 10 Hz (theta and alpha bands) has been associated with working memory, short-term memory, and emotional arousal (Jensen and Lisman 2005; Knyazev 2007 ) and force control in tonic contraction (Mima et al. 2000) . Oscillations between 10 and 35 Hz have been linked with motor function and maintenance of a steady motor output (Chakarov et al. 2009; Engel and Fries 2010) and precision in motor output (Kristeva-Feige et al. 2002) , and oscillations between 35 and 60 Hz have been associated with strong voluntary contractions (Brown et al. 1998; Chakarov et al. 2009 ).
Statistical Analysis
A mixed-model two-way ANOVA (2 age groups ϫ 2 phases) with repeated measures on phase was used to examine force rate (the rate of force increase and decrease), force variability, mean discharge rate, and discharge rate variability. We used a mixed-model three-way ANOVA (2 age groups ϫ 2 phases ϫ 4 frequency bands) with repeated measures on phase to compare the normalized power from the multiple motor units across two phases and four frequency bands (0 -4, 4 -10, 10 -35, and 35-60 Hz). We used a stepwise multiple linear regression model to establish a statistical model for predicting the phase-induced change in force variability (force release Ϫ force increase) from the change in modulation of multiple motor units. The goodness-of-fit of the model was given by the squared multiple correlations (R 2 ), Durbin Watson statistic (DW), and part correlation coefficients that demonstrate the unique contribution of each predictor to the criterion variable. Analyses were performed with the IBM SPSS Statistics 21.0 statistical package (IBM, Armonk, NY). The alpha Fig. 2 . Quantification of motor unit (MU) activity. Force and motor unit data were quantified over the segments of force increase and release for each trial. MU 1-5 indicates the recruited and derecruited motor units that were chosen for quantification from one trial. Spikes represent the firing instances of motor unit action potentials of each identified motor unit, and are shown as vertical lines. The total number of spikes for the trial performed was summed for all 5 motor units. level for all statistical tests was 0.05. Data are reported as means Ϯ SD in the text and means Ϯ SE of the sample in Figs. 1-6.
RESULTS
Force Control
There was no main effect of age group or phase on the rate of force increase and release (P Ͼ 0.07; Fig. 3A) . In contrast, there was a significant main effect of phase on the SD of force [F(1,30) ϭ 26, P Ͻ 0.001; Fig. 3B ]. Specifically, force variability increased during force release (1.94 Ϯ 0.94%) relative to force increase (1.24 Ϯ 0.84%). These findings demonstrate that, independent of age and rate of force, force control declines during the force release phase.
Motor Unit Control
We compared the activity of multiple motor units during force increase and force release. For the mean discharge rate, there was a significant main effect of phase [F(1, 21) ϭ 15, P Ͻ 0.001; Fig. 4 ]. Specifically, participants exhibited reduced mean discharge rate during force release (45.79 Ϯ 16.60 ms) compared with force increase (53.50 Ϯ 17.43 ms). The main effect of age and the age ϫ phase interaction were not significant (all P Ͼ 0.1). Similarly, for the discharge rate variability, the main effect of phase, main effect of age, and age ϫ phase interactions were not significant (all P Ͼ 0.1). For the multiple motor unit normalized power spectrum, there was a significant main effect of frequency [F(3,63) ϭ 25, P Ͻ 0.001]. Specifically, participants exhibited different normalized power for each frequency band (0) (1) (2) (3) (4) (4) (5) (6) (7) (8) (9) (10) . The age ϫ frequency, phase ϫ frequency, and age ϫ phase ϫ frequency interactions were not significant (all P Ͼ 0.2).
To determine the contribution of motor unit activation (independent variable) to the increased variability during force release (change in SD of force was the dependent variable), we performed a stepwise linear regression model. The model suggested that the increased variability during force release was associated with a decrease in the modulation of multiple motor units from 35 to 60 Hz (R 2 ϭ 0.38; DW ϭ 2.1; P Ͻ 0.01; Fig. 5 ). Furthermore, the decrease in the modulation of multiple motor units from 35 to 60 Hz during force release was associated with a decrease in mean discharge rate (r ϭ 0.66; DW ϭ 1.51; P Ͻ 0.01; Fig. 6A ) and an increase in the modulation of multiple motor units from 0 to 4 Hz (r ϭ Ϫ0.64; DW ϭ 2.15; P Ͻ 0.01; Fig. 6B ).
DISCUSSION
In this study, we aimed to determine whether force control differs while increasing and releasing force for young and older Fig. 3 . Force rate and variability. A: there was no significant difference between the rate of force increase and release (P Ͼ 0.1). B: the SD of force was greater during force release compared with force increase, independent of age (*P Ͻ 0.001). Fig. 5 . Changes (from force increase to force release) in force variability with changes in multiple motor unit activity (modulation) from 35 to 60 Hz. Each solid black circle represents one participant. The association between changes in SD of force and changes in the modulation of multiple motor units from 35 to 60 Hz was moderate (R 2 ϭ 0.38). This indicates that ϳ38% of the force variability was explained by the multiple motor unit activity from 35 to 60 Hz. Fig. 4 . Mean discharge rate of multiple motor units during force increase and release. Mean discharge rate of multiple motor units was significantly lower during force release compared with force increase for both groups (*P Ͻ 0.001).
adults. We found that, independent of age, force control is altered during force release. The altered force control was demonstrated as increased force variability during force release, which was related to decreased modulation of multiple motor units from 35 to 60 Hz. These results provide novel evidence that voluntary release of force alters the activation of muscle by the nervous system and alters force control.
Age and Force Variability
A major finding in this study was that, independent of age, force variability increased during force release compared with force increase. This finding raises the following question: "Why do young and older adults exhibit similar force variability during force increase and release?" The similarity in force variability between young and older adults may be explained by the following four reasons:
1) Age-related differences in force control are primarily observed during constant force contractions (Christou 2011; Galganski et al. 1993; Kouzaki and Shinohara 2010; Kwon et al. 2012; Tracy et al. 2002) . Very few studies exist that compare young and older adults during force increase and release. Specifically, there is a single study that suggests exacerbation of force variability during force release in older adults relative to young adults (Naik et al. 2011) . Nonetheless, the gain of visual feedback and rate of force development was not controlled in that study, which could influence the results.
2) In contrast to previous studies, we controlled the gain of visual feedback. Specifically, participants exerted voluntary contractions with a low-gain visual feedback (0.05°). There is strong evidence that low-gain visual feedback ameliorates the age-associated differences in force control (Christou 2011; Kennedy and Christou 2011; Sosnoff and Newell 2006; Tracy 2009 ). The observed age-related differences in force control may be a consequence of deficits in visual information processing. The low-gain visual feedback used in this study, therefore, likely minimized the age-associated effect of visual information processing.
3) We used 15% MVC as the level of force. Previous studies demonstrate that force variability is similar for young and older adults at moderate-to-high forces (Ն10% MVC) during isometric contractions with the first dorsal interosseous muscle (Burnett et al. 2000; Galganski et al. 1993; Laidlaw et al. 2000) and knee extensor muscles . The aging differences in force variability are robust at force levels below 5% MVC . Thus, a moderate force level may have contributed to the similar force variability between young and older adults. 4) We constrained the rate of force increase and release by including only the best three trials from each participant where force rate was precisely matched (Ϯ 1% MVC/s) to the targeted rate (10% MVC/s). We did this because there is evidence that force variability increases with contraction speed (Christou and Carlton 2002; Poston et al. 2010 ). In addition, previous work suggests that older adults exhibit a faster rate of force release than young adults and compared with force increase (Spiegel et al. 1996) . Thus, constraining the rate of force provided a more fair comparison of the capacity of young and older adults to control force for the two phases.
Phase and Force Variability
Another major finding in this study was that force variability is greater during force release compared with force increase. This finding raises the following question: "Why is force variability greater during force release?" Force variability may be greater during force release because the central nervous system activates the muscle differently during force increase and release. Our results demonstrate that force variability increases during force release because the modulation of multiple motor units decreases from 35 to 60 Hz. This will likely decrease the mean discharge rate of motor units (Onushko et al. 2013 ), as we demonstrate in Fig. 4 . The importance of a faster discharge rate of motor units is that it makes the signal more deterministic (Matthews 1996; Person and Kudina 1972; Vaillancourt et al. 2002) , which reduces the force variability . Our current results support both previous findings. Specifically, we demonstrate that increased force variability during force release relates to both decreased modulation of multiple motor units from 35 to 60 Hz (Fig. 5 ) and slower discharge rate of motor units (Fig. 4) . Previous work by Brown and colleagues (Brown 2000; Brown et al. 1998) Fig. 6 . A: changes in mean discharge rate of multiple motor units with changes in multiple motor unit activity (modulation) from 35 to 60 Hz. Each solid black circle represents one participant. There was a significant association between mean discharge rate of multiple motor units and the modulation of multiple motor units from 35 to 60 Hz (r ϭ 0.66). B: changes in multiple motor unit activity from 0 to 4 Hz with changes in multiple motor unit activity from 35 to 60 Hz. There was a significant association between the modulation of multiple motor units from 0 to 4 Hz and the modulation of multiple motor units from 35 to 60 Hz (r ϭ Ϫ0.64).
supports the notion that dynamic voluntary contractions exhibit stronger oscillations in muscle activity from 35 to 60 Hz.
The reduction of oscillations from 35 to 60 Hz was related to an increase in the low-frequency oscillations in muscle activity (0 -4 Hz; Fig. 6B ). Low-frequency oscillations in muscle activity have been associated with reduced force control (Moon et al. 2014) . Motor unit modulation from 0 to 4 Hz, often referred to as common drive (De Luca 1985; De Luca and Erim 2002; Farina et al. 2002) , appears to be different for force increase and release. Specifically, low-frequency oscillations in muscle activity (bursting) increase during force release and likely contribute to increased force variability (Moon et al. 2014; Negro et al. 2009; Yoshitake and Shinohara 2013) . In summary, the control strategy used by the central nervous system appears to be different during force release.
The control strategy used by the central nervous system during force release may be similar to the one used for controlled lengthening contractions (eccentric contractions). Both force release and lengthening contractions control the force output during detachment of crossbridges. The force output likely results from the detachment of crossbridges, which explains the decreased activation of muscle relative to force increase or shortening contractions (reduced active formation of crossbridges) (Burnett et al. 2000; Christou and Tracy 2005; Kossev and Christova 1998; Laidlaw et al. 2000; Nardone and Schieppati 1988) . A robust feature of the muscle activation during lengthening contractions is the decrease in the discharge rate of motor units (Kossev and Christova 1998; Laidlaw et al. 2000) . Indeed, we find that the discharge rate of motor units during force release was significantly lower than during force increase (Fig. 4) .
Further support to the idea that force release likely reflects a similar control strategy to lengthening contractions is demonstrated by the modulation of motor units. Lengthening contractions exhibit greater motor unit synchronization than shortening contractions (Semmler 2002) , which strongly indicates an altered frequency modulation of the motor neuron pool (Christou et al. 2007) . Our findings provide similar evidence and demonstrate that the frequency modulation of motor units differs for force release and force increase. Specifically, we demonstrate a decrease in oscillations from 35 to 60 Hz and an increase from 0 to 4 Hz (Figs. 5 and 6 ). Finally, both force release and lengthening contractions exhibit greater force variability than force increase and shortening contractions (Burnett et al. 2000; Christou and Carlton 2002; Christou et al. 2003; . In summary, the unique neural muscle activation during force release may reflect an altered strategy to control the motor neuron pool and force output, which may be similar to the one described for lengthening contractions.
Limitations
Our results are limited to a rate of force development of 10% MVC/s and a force of 5-15% MVC. Future studies should perform similar experiments but manipulate the rate of force production and the level of force. Furthermore, the observed differences in multiple motor units only reflect a single physiological mechanism that could contribute to the observed force control differences with force increase and release. Other mechanisms could potentially explain the differences, which have not been examined in this study. Finally, the current motor unit findings are based on recordings from the surface. Future studies should verify these results using intramuscular recordings, which are not limited to skin conductance issues and are more selective.
In summary, we provide novel evidence that the central nervous system functions differently during voluntary force contractions that increase and release force. This is demonstrated with decreased modulation of multiple motor units from 35 to 60 Hz and increased force variability. These results, therefore, provide novel insight into how the nervous system controls force during force increase and release. Our findings, therefore, can have important functional implications for the motor control rehabilitation of young and older adults on how to properly increase and release force.
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